The reduction of nitrogen, acetylene, azide, and cyanide at various oxygen concentrations by nitrogenase from Azotobacter vinelandii was measured with a well-defined system. Oxygen inhibited the reduction of each substrate uncompetitively. The inhibition constants (Ki) were 0.014, 0.023, 0.008, and 0.003 atm of oxygen for reduction of nitrogen, acetylene, azide, and cyanide, respectively. The system used included ATP-generating components, subcellular particles from A. vinelandii with high nitrogenase specific activity, and illuminated spinach chloroplasts plus carriers to supply electrons. Oxygen did not affect the photochemical electron donating system, but it did inhibit nitrogenase-dependent ATP hydrolysis.
The effects of 02 on biological N2 fixation have been investigated mainly with intact free-living aerobic bacteria such as Azotobacter vinelandii and Azotobacter chroococcum or with detached root nodules of higher plants. Parker and Scutt (1, 2) described the 02 inhibition of N2 fixation by A. vinelandii as competitive. They suggested that 02 and N2 might compete as alternative acceptors of respiratory electrons, and regarded N2 fixation as a form of respiration. Bond (3) reported competitive inhibition by 02 of N2 fixation in detached nonleguminous root nodules. Bergersen (4) also reported that 02 is a competitive inhibitor of N2 fixation in detached soybean nodules. However, secondary effects of 02 on the metabolic activities of intact organisms may complicate interpretation of such results. Dilworth (5) , for example, reported that 02 inhibits pyruvate dehydrogenase.
A well-defined cell-free system was needed for the study of 02 inhibition of N2 fixation. Such a system required nitrogenase, an ATP-generating system, and an electron donating system. Highly purified nitrogenase is irreversibly inactivated by 02, and hence is not suitable. Likewise, the two most widely used electron-donating systems for cell-free N2 fixation (Na2S204 and H2 plus clostridial ferredoxin and hydrogenase) are unstable in 02, and are thus unsuitable. We chose to study 02 effects on subcellular particles from A. vinelandii; these particles have high nitrogenase specific activity, and they are not irreversibly inactivated by 02 (6) .
The photochemical electron-donating system as described by Benemann et al. (7) The reactions were stopped by addition of 0.5 ml or 0.1 ml of 25% C13CCOOH when acetylene or cyanide, respectively, was the substrate. The amount of ethylene formed from acetylene reduction, or methane formed from cyanide reduction, was determined by gas chromatography with a flame ionization detector. The column, 1/8 in diameter and 5 ft long, was packed with Porapak R. When N2 or azide was the substrate, the reaction was stopped by addition of 2 ml of saturated K2CO3. Ammonia was collected by microdiffusion (14) , and its quantity was determined by the indophenol method (15 released. Under the conditions of the experiment, the equilibrium of the creatine kinase reaction kept the adenine nucleotide in the form of ATP (16) , so that creatine released was equivalent to ATP utilized. Creatine was measured by the method of Eggleton et al. (17) .
RESULTS
02 Inhibition of N2 Fization. Fig. 1 indicates that 02 inhibited N2 fixation uncompetitively. Each point in this plot; and the subsequent plots for reduction of other substrates, represents an average of two determinations. The lines were fitted by the method of least squares.
The kinetic equation for the reciprocal formulation of uncompetitive inhibition is as follows: (Fig. 4) .
The K, value was 0.008 atm of 02.
02 Inhibition of Cyanide Reduction. The study of the 02 inhibition of cyanide reduction was difficult, because cyanide acted both as a substrate and as an inhibitor of nitrogenase. The rate of cyanide reduction was much lower than the rate of reduction of the other three substrates. Fig. 5 (Fig. 6 ). The initial rates of flavoprotein reduction were somewhat faster in 0.075 atm Of 02 than in the absence of 02. In each case, the reduction ceased after 3 min of incubation. 02 Inhibition of Nitrogenase-Dependent ATP Hydrolysis. Inhibition by 02 of ATP hydrolysis could in turn inhibit substrate reduction. 02 does inhibit ATP hydrolysis (Fig. 7) ; the plot of the reciprocals of maximum velocities of ATP hydrolysis against p02 is linear and indicates a K4 of 0.025 atm 02. 
DISCUSSION
02 uncompetitively inhibits the reduction of N2, acetylene, azide, and cyanide by the cell-free nitrogenase system from A. vinelandii. This finding is contrary to the report by Parker and Scutt (2) that 02 is a competitive inhibitor of N2 fixation by intact A. vinelandii cells.
In the cell-free system, 02 potentially could inhibit nitrogenase activity at four different -sites: (a) on the photochemical electron-transport system, which would result in a decreased rate of flavoprotein reduction; (b) at the site where reduced flavoprotein donates its electrons to nitrogenase (we designate this as the electron-accepting site); (c) at the ATP-hydrolysis site; and (d) at the substrate binding site(s). 02 does not inhibit, in fact it enhances somewhat, the photochemical electron-transport system (Fig. 6 ), but it does inhibit nitrogenase-dependent ATP hydrolysis (Fig. 7) . We are studying further the kinetics of ATP hydrolysis. The effect of 02 on the electron-accepting site was not studied. 
